The temporal and spatial patterns formed by chemical systems have been studied extensively. ' The nonlinearity in some chemical steps induces an instability in the overall reaction.2 There has been a lot of discussion about the time evolution of nonlinear chemical reactions with regard to chemically induced chaos.3-' Much effort has been put into studying the interference of self-sustained chemical systems: the study of nonlinear chemical systems exposed to some periodic external input, i.e., forced systems,67 and/or of two more reactors being coupled together in some way.'°H eterogeneous nonlinear chemical reactions also have been studied in the field of surface science"" and electrochemistry.14-'7 This is especially true for electrochemical systems which consist of electrode surface processes which depend upon mass transfer to and from the electrolyte solution. A lot of exotic bistable phenomena can be induced by mass transport. There have been considerable experimental and theoretical studies of electrochemical reactions which undergo sustained, temporal oscillations under constant current or constant potential conditions.' One of the most widely studied systems is the electrodissolution of iron in aqueous sulfuric acid.'°2° The oscillato-* Electrochemical Society Active Member. ry behavior of this system is relatively simple to control and continues for long periods. The origin of bistability in iron electrodistribution is electrode repassivation by the surface oxide. The stability of the surface oxide is governed by electrode potential and pH at the electrode interface. The bistable oscillatory behavior of the iron electrode is induced by coupling between the surface process of oxide passivation and the mass transfer of protons in the electrolyte solution, because they control the formation of the passivating layer.
The oscillation of the iron electrode forms a diffusive chemical wave around the electrode. If two independent iron oscillators are brought into close proximity, they can communicate with each other through this chemical wave. In this study, the oscillatory pattern of two independently controlled iron electrodes is investigated as a function of the distance between the electrodes.
When current is not observed, the electrode surface is covered by the iron oxide. Because this surface oxide is a thin, n-type semiconductor film, a photoelectrochemical reaction can occur by irradiation with photons at the bandgap energy of the oxide.21 This article also shows that the time course of the oscillatory behavior is a function of irradiation intensity and electrode potential. 
Experimental
The working electrode was an iron wire with purity of 99.5% purchased from NILACO. The diameter and length of the electrode was 1 and 10 mm, respectively. The electrolyte solution was an aqueous solution containing 1.0 M sulfuric acid. The use of an iron plate electrode with the back surface blocked off was avoided, because surface morphology changed drastically while the reaction proceeded. The reference electrodes used were Ag/AgCl and saturated sodium chloride calomel electrode (SSCE), plus a silver quasi-reference electrode. The reference electrode chosen was based on the cell geometry. In the photoirradiation experiments, the reference electrode was optically sealed to avoid any photoinduced shift of the reference electrode potential. The electrode potentials reported are always referenced with respect to SSCE in this article. The counterelectrode was placed in a separated compartment to avoid the effects of the chemical wave,
The electrochemical conditions were controlled by a combination of a potentiostat and a function generator from Hokuto-Denkou, HA-151 and FIB-ill, respectively, The data were plotted on an X-Y recorder from Yokogawa (Type 3036) or obtained using an analog-to-digital converter from Micro Science (ADS-1598BPC) and stored in an NEC PC-9801RX computer.
For the photoirradiation experiments, a 250 W Xe lamp was used with a proper combination of optical filters. The irradiation intensity was measured by a power meter from Spectra Physics (Model 407).
Results Coupling effects.-A typical current and potential curve for a single iron electrode is shown in Fig. 1 . The potential sweep rate was 50 mV/s. On the positive potential sweep, a current maximum and minimum were observed at 0 and 0.2 \1 respectively. At 0.3 \1 the electrode was fully passivated, i.e., the current was suddenly decreased. On the positive potential sweep, no steady current oscillations were obtained. However, on the negative potential sweep, oscillations were observed between 0.6 and 0.3 V. After that, a current plateau appeared from 0.1 to -0.3 V Neither the current maximum nor minimum was observed on the negative potential sweep. When the potential sweep was stopped, a sustained oscillation was obtained around 0.3 V.
Two independent iron oscifiators each held at an electrode potential of 0.35 V were then placed in the solution at a distance of either 25 or 20 mm. Because the oscillating current was large, significant amounts of the iron were dissolved and the diameter of the electrode changed over time. The amplitude of the oscillation is not discussed here, because it is a complex function of the shape of the electrode. The time courses of the currents were measured and are shown in Fig. 2a and b for the two distances. If the distance was more than 25 1 mm, there was no correlation between the oscillatory behaviors of the two electrodes, as shown in Fig. 2a . However, if the distance was less than 20 1 mm, the two waveforms were completely synchronized with each other, as shown in Fig. 2b . For a distance between 20 and 25 mm, the two electrodes synchronized intermittently. Periods and intervals of synchronization varied randomly as a function of time. Phenomenologically, as the distance between the two electrodes was reduced from 25 to 20 mm, the period of the synchronization was enlarged, and finally the perfect synchronization was obtained. This synchronity was destroyed by inserting a glass slide between the two electrodes. Communication between the two electrodes was blocked by the glass side. These observations show that the carrier of the information for the synchronity is a solution species. These results suggest that coupling strength between the electrodes is a function of both the distance and the geometry of the electrodes.
A very strong coupling was observed at a distance of 3 mm, as shown in Fig. 3 . In this experiment, the potentials of the two electrodes were different; the electrode potentials for the upper and the lower oscillatory currents in Fig. 3 were 0.30 and 1.0 V, respectively. Figure 3 shows that the two oscillations are synchronized with antiphase, the current minimum in the upper oscillation corresponding to the current maximum in the lower oscillation. As shown in the figure, the time course of the two waveforms developed into periodic limiting cycles after passing Table I , shows that irradiation increases the fre-400 quency and that the oscillation is terminated when the electrode potential is too cathodic when the dark frequency is high. 
U
In order to investigate the photoirradiation effects systematically, changes in the oscillation frequency were measured as a function of irradiation intensity. The electrode potential was fixed at 0.311 V. Because the oscillatory current was large, the electrode was deformed over time. This change in the shape of the electrode caused a drift in the oscillation frequency. In order to avoid this artifact, the ratio between the oscillation frequencies under the irradiated, f1, and in the dark, Id i.e., A/Id, was plotted as a function of the irradiation intensity, as shown in Fig. 5 . A significant frequency change was not observed below an intensity of 25 3 mW/cm2, while the frequency ratio increased as intensity increased over 25 mW/cm2.
Discussion
The self-sustained current oscillations of the iron electrode have already been macroscopically discussed using the Franck-FitzHugh model.182° The origin of the nonlinearity of the reaction is passivation by the surface oxide, Fe203. The stable phase on the electrode surface is thermodynamically governed by local pH and the electrode potential. In the electrolyte solution used, the critical reaction is the electrochemical equilibrium between Fe2 and Fe203, as shown below Fe203 + 6H + 2e '-' 2Fe2 + 3H20
The equilibrium potential for this reaction is given by sion of proton decreases the pH around the electrode, which induces the electrodissolution again. This is the qualitative scenario explaining the electrochemical oscil- [1] lation presented by the Franck-FitzHugh scheme in the iron system.182°E
,q = 0.5 -0.18 pH -0.06 log (a#) [2] This potential equation is referenced with respect to the SSCE and it is called the Flade potential. When the electrode potential is more positive than E,q, the surface is covered by Fe203. If it is more negative than E,q, the electrodissolution of iron proceeds to form Fe2t At potentials of around 0.3 V in 1 M sulfuric acid, the electrodissolution of iron proceeds, which puts Fe2 ion into solution. In order to maintain electrical neutrality, the concentration of protons decreases in the region close to the electrode surface. This pH increase in the solution forms more Fe203 on the surface, which inhibits the dissolution reaction and the current decreases. During passivation, the back-diffu- In order to obtain the oscillatory behavior, the FranckFitzllugh scheme implicitly requires that the electrochemical reaction on the iron electrode discontinuously changes at the Flade potential. However, as shown in Fig. 1 , the current passivation is not as sharp as a step function as expected from the Franck-FitzHugh scheme. The active area of the electrode gradually decreases as the electrode potential goes from the active to the passive region. When two iron electrodes are closely located, each electrode emits both proton and ferrous ion waves. When electrodissolution starts at one electrode, the proton wave decreases the pH on the surface of the other electrode. This increases the E value for the other electrode. Then the surface oxide of the second electrode is removed and it creates a current pulse. The proton wave induces the inphase synchronity between the two electrodes, as shown in Fig. 2b . When the distance between the electrodes is large, pH modulation at the second electrode is not enough to activate the passivated surface, and the synchronity is not observed, as shown in Fig. 2a .
If the ferrous ion is the carrier of the information for the synchronity, the two electrodes would synchronize in antiphase, because increase of the local concentration of ferrous ion decreases Eeq for the other electrode. Although the pH in the solution might be well buffered by 1 M sulfuric acid, as the mobility of the proton is much higher than Fe2 and E,q is more than three times more sensitive to pH than to concentration of Fe2, the proton wave propagated by the space charge of ferrous ion can modulate the local pH of the other electrode.
In the case of a closer proximity of the electrodes with different potentials, shown in Fig. 3 , the pattern of the synchronization was different from the case of Fig. 2b . Because the electrode potential for the bottom oscillatory pattern in Fig. 3 is 1 V, which is more positive than the redox potential of EFes+,2+ 0.54 V, 23 the electrode emits Fe3 during the electrodissolution process. The oscillatory flux of Fe2 is reduced on the other electrode, which reduces the current. The antiphase synchronity shown in Fig. 3 is caused by chemical communication through 25 The photoresponse of thick polycrystalline Fe203 film has been observed in the spectral region from 800 to 400 nm. 24 Thus, the frequency increase under photoirradiation shown in Fig. 4 and 5 is caused by the photocorrosion of the surface oxide,26 which activates the electrodes. Under irradiation, the surface oxide is removed at a more rapid rate by the photocorrosion. Thus, irradiation reduces the period of the passivation stage and increases oscillatory frequency.
Another possible mechanism for the frequency change by irradiation could be the temperature increase by local heating. Podesta et al. investigated frequency change as a function of temperature.27 They found a linear relationship between the logarithm of the frequency and the inverse of the temperature. The apparent activation energy for the log F -(1/fl plot was 3.6 kcal/mol for oscillation of the iron electrode. The temperature rise caused by irradiation of 70 mW/cm2 was 3°C in our experiment. Because the frequency ratio increase by this thermal heating would be expected to be less than 1.06, the magnitude of the results in Fig. 4 and 5 do not seem to be explained by only the thermal heating effect.
Conclusion
Although the experiment is relatively simple, this paper demonstrates that coupling can occur between closely spaced iron electrodes and that external perturbation can effect such iron electrochemical oscillators. Detailed mathematical analysis is underway in our laboratory.
Introduction
The need for near-ambient temperature batteries has stimulated research into a variety of battery technologies.
Numerous efforts have focused on the nickel/metal hydride and lithium-ion batteries. The goals of these activities have been to develop secondary batteries with high energy density, recyclability, and low cost. Despite these efforts, there remains a need for a low-cost secondary battery using mundane materials, with minimal safety and environmental issues, which can achieve high energy density.
The 'Zebra Cell" is a medium-temperature battery' utilizing a sodium anode and an FeC1, cathode (later changed to NiC12) in a molten electrolyte composed of NaC1 and AlCl3. The operational temperature of the battery is above 220°C because of the solid-liquid phase equilibrium of the electrolyte. At this temperature the Zebra Cell has an energy density of about 100 Wh/kg and a power density of about 110 W/kg. These characteristics, combined with the mundane nature of the cell components, have stimulated interest in its use, for example, in electric cars.
One of the less desirable aspects of the Zebra Cell is the need for a solid-state separator between the Na (liquid) anode and the electrolyte; direct contact results in a chemical reaction producing Al 3Na + NaA1C14 -°Al + 4NaC1 [1] The 13"-alumina separator used in the Zebra Cell is a NaF conductor with a conductivity of 0.083 S/cm at 220°C. An appreciable voltage drop (ca. 350 mV) results from use of the separator under typical operating conditions.2 Further, the l3"-alumina must be cast into tubes, adding cost and potential reliability concerns.
Recently, a room temperature analogue of the Zebra Cell has attracted interest. A nonaqueous, molten salt with properties3 similar to NaA1C14 may offer characteristics that could lead to a sodium (anode)/metal chloride (cathode) battery where the sodium anode is maintained in the * Electrochemical Society Student Member. * * Electrochemical Society Active Member.
solid state so that no separator is needed. In addition to providing reasonable conductivity at low temperature, this melt must also: (i) permit efficient plating/stripping of Na, (ii) provide a stable environment for the sodium anode without side reactions, such as producing aluminum (Eq. 1) or other parasitic reactions, and (iii) permit a reversible cathodic reaction at least 2 V positive of the Na electrode.
Room temperature molten salts are based on A1C1,, analogous to the high-temperature melts, except that an aromatic organic chloride replaces most of the NaCl, lowering the melting points well below room temperature, to as low as -50°C. Na conduction is achieved by adding some NaC1 to the melts; however, the melts have only limited capacity to dissolve NaCl. Several types of organic chlorides have been examined, including several imidazolium chlorides.
The most studied organic chloride has been 1-methyl-3-ethyl imidazolium chloride (MEIC), due to its relatively high conductivity in the AICI, melt, 0.035 S/cm at room temperature. Its electrochemical window is most attractive, ca. 4.7 \1 between chlorine evolution at the positive potential limit and the apparent reductive dimerization of the imidazolium at the negative potential limit. Reduction of the imidazolium cation to the neutral radical lies very near that of the Na/Nat couple. Still, sodium was able to be plated from the room temperature melt using a mercury electrode.' The addition of either hydrogen chloride (in various forms) or thionyl chloride has been found to enable the plating and stripping of sodium from the MEIC/NaAIC14 melt at solid electrodes. The role of these additives is not well understood. Additionally, most of these additives appear to provide short-lived effects ranging from hours to days.'' A critical parameter for battery applications using the sodium couple in these room temperature melts is the coulombic efficiency. The coulombic efficiency is the ratio of the number of coulombs passed during oxidation of sodium (during the discharge cycle) to the number passed during reduction (charging cycle). It would be most desir-
